Figure 1. Structure of cryptochrome, likely involved in avian magnetoreception. The protein internally binds the FADH (the semireduced form of flavin adenine dinucleotide) cofactor, which governs its functioning capabilities. The signaling state is achieved through a light-induced electron-transfer reaction involving a chain of three tryptophan amino acids, Trp400, Trp377, and Trp324. Signaling is terminated by the superoxide radical O
apparently too low for human cryptochromes to use. It seems that somewhere in our evolutionary history we might have traded our magnetic sense for longevity.
Researchers have speculated that the products of such reactions in a bird's retina might somehow affect the sensitivity of light receptors. 9 If so, then modulation of the reaction products would alter the bird's visual sense, producing marks in the its field of view. The bird could find its direction by changing the orientation of its head in the magnetic field and
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observing how the marks moved across its vision. 9 Interestingly, studies have shown that, when using the magnetic field to orient themselves, migratory birds indeed exhibit such head-scanning behavior. 10 Cryptochrome-signaling intensity is expected to change by about 15% upon a 90 • turn of the protein in the field. 7 Visual signals can also be enhanced and it is likely that cryptochrome is distributed similarly to photoreceptor cells, 9, 11 perpendicularly to the retina. The cryptochromes are unlikely perfectly aligned, even if bound to the ordered membrane structures found in the outer segments of rod-shaped photoreceptors. We calculated how much disorder is permitted in the cryptochrome alignment for a functional magnetic compass.
Cryptochrome activation and signaling
Cryptochrome internally binds a flavin adenine dinucleotide (FAD) molecule. On activation by light-induced electron transfer 6 involving a chain of three tryptophan amino acids, FAD gains hydrogen to form the active (signaling) state FADH. The magnetic field can influence this photoactivation process by acting on unpaired-electron spins. 6, 7 The back reaction, in which FADH reverts to FAD, likely involves O − 2 (see Figure 1 ) and can also be modulated by the earth's magnetic field. 7 Cryptochrome's signaling state has a lifetime of about 1ms, controlled by the balance of the forward-and back-reaction rates. A low concentration of O − 2 is crucial for a sufficiently long signaling--state lifetime, in the 1-10ms range. 12 At a concentration still tolerable to an animal, encounters of FADH and O − 2 radicals happen every millisecond, which is optimal for compass function.
Acuity of vision-based compass
The acuity of this proposed vision-based magnetoreception system in birds is affected by the degree of order in the orientation of the cryptochrome proteins. Cryptochrome possesses a magnetic-field-sensing anisotropy axis 6, 7, 13 that is roughly perpendicular to the FAD plane (see Figure 1) . The protein's orientation with respect to the magnetic field can be characterized by the three Euler angles α, β, and γ. Euler angles represent the spatial orientation of any frame of reference as a composition of rotations from a frame of reference. We use a generic definition. 14 Our calculations showed that α and γ do not need to be held fixed for cryptochrome to act as a magnetic compass. The angle β is not required to be fixed precisely either. We investigated how sensitive compass acuity is to a range of β values. Figure 2 shows the visual patterns in the retina modulated in some hypothetical manner through the geomagnetic field for a bird flying parallel to the horizon and facing either north or south. The modulated patterns are calculated for cryptochrome A biochemical magnetic compass in birds may consist of orientationally ordered proteins in the retina. Previous work has shown how such a compass could be realized through lightinduced electron-transfer reactions in cryptochrome. We have now modeled the effect of orientational disorder of the protein in retinal cells on compass acuity. We found that moderate alignment of cryptochromes is sufficient for a reliable vision-based magnetoreception system. Our next step is to connect the
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angular sensitivity of the vision-based magnetic compass quantitatively to the pattern in a bird's field of vision. We want to understand in precisely which part of the photoreceptor cell cryptochrome is expressed and how it is connected to the cell membrane. Coupling of cryptochrome to visual transduction is also still hypothetical and subject to further investigation.
